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Ideal Gas Thermodynamic Properties of Six Chloroethanes 

J. Chao, A. S. Rodgers, R. C. Wilhoit, and B. J. Zwolinski 

Thermodynamics Research Center, Department of Chemistry, Texas A&M University, College Station, Texas 77843 

The thermodynamic properties: C;, S°, HO-H~, - (G;'-H~)/T, llHr, llGr, and log K,for chloro

ethane, I,l-dichloroethane, 1,1 ,I-trichloroethane, 1,1,1 ,2-tetrachloroethane, pentachloroethane, andl 
hexachloroethane in the ideal gaseous state in the temperature range from 0 to 1500 K and at 1 atm 
were evaluated by statistical thermodynamic methods based on a rigid-rotor harmonic-oscillator model. 
The internal rotation contributions to thermodynamic functions were calculated by using a partition 
function formed hy summation of internal rotation energy levels. The internal rotation harrier heights 
(in kcal mol-I) employed for generation of the energy levels for each of the above six chloroethanes 
are: 3.69,3.54,5.08, 10.38,14.43, and 14.7, respectively. The calculated heat capacities and entropies 
are compared with available experimental data. The derived values of C;, S°, and !:JIfo at 298.15 
and 700 K are compared with those reported in the other major compilations. 

Key words: Chloroethane with a symmetry top; ideal gas thermodynamic properties; internal rotation;· 
internal rotation barrier heights; torsional fundamental. 
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1. Introduction 

The ideal gas thermodynamic properties: heat 
capacity (C~), entropy (SO), enthalpy (HO,- H~), the 

Gibbs energy function (Go - H~)/TJ, enthalpy of 
formation (6.HfO), Gibbs energy of formation (AGfO) , 
and logarithm of the equilibrium constant of formation 
(log K j ) for six chloroethanes have been evaluated by 
the statistical thermodynamic method based on a rigid
rotor harmonic-oscillator model. These properties are 
tabulated at temperatures from 0 to 1500 K and at a' 
pressure of one atmosphere. The procedures for selec
tion, evaluation, and calculation of data are similar to 
those used in ~'Ideal Gas Thermodynamic Properties 
of Eight Chloro- and Fluoromethanes" by Rodgers, 
Chao, Wilhoit, and Zwolinski (1974). Units, symbols, 
fundamental constants, and auxiliary data which were 
described in that review also apply to the present work. 
The atomic masses are H= 1.008, C= 12.011, and Cl= 
35.453. 

Each of these six chloroethanes has hindered internal 
rotation about the C-C bond in the molecule, and at 
least one of the rotating groups is a symmetric top. The 
practicality of handling the internal rotation problem 
when one group is symmetric formed the basis of selec
tion of this particular set of molecule!;. Th~ internal 
rotation contributions to the thermodynamic properties' 
for each compound were calculated by use of a parti
tion function formed by summation of the internal rot::t

tion energy levels. These energy levels were obtained 
from an approximate solution of the Schroedinger equa
tion using the adopted potential function V = !V3(l- cos 
30), where V3 is the potential barrier height, and 0 is the 
angle of internal rotation. A computer program, provided 
by J. Laane,· Department of Chemistry, Texas A&M 
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Figure 1. The CI-Cl-CI Configurational Intep 

actions in C2 C16 and CH2CICCb 
Molecules ....... " .. . ....... . . . ..... . .... ... . .. 154 

University (Lewis et al. 1972), was used to generate 
these energy levels. The input data required are the 
potential barrier height (V3 ) and the internal rotational 
constant (F). The value of V3 for each compound was 
evaluated from the adopted molecular structure and 
torsional frequency. The internal rotational constant F 
was derived from the reduced· moment (1 r) using the 
relationship: F = h/87T2cI r. 

The calculated internal rotation energy levels up to 
about 15000 cm-1 were employed for evaluation of the 
internal rotation contributions to the thermodynamic 
properties for each compound, since the contributions 
from energy levels higher than 15000 cm-1 to t~ese 
'properties are insignificant even at the highest tempera
ture, 1500 K, of the present tables. Since the maximum 
number of reliable energy levels which can ~egenerated 
by Laane's computer program is about 150, and for 
1,1,1,2-tetrachloroethane the highest energy level cal
culated' by his computer program is 7000 cm-1 , the miss
ing levels between the highest calculated energy level 
and the selected 15000 cm-1 limit were evaluated on 
the assumption of free internal rotation in this energy 
range. Fur ~xalllpl~, 369 internal rotation energy levels 
were employed in calculations for the CH2 ClCCb 
molecule of which 137 levels were obtained from the 
computer program, and the rf~~t wp-rp- derived from a 
free rotation model. For the last two compounds, 
CHCl2 CCb and CCbCCb, because of· their large re
duced moments, the calculated highest energy levels 
by the computer program are still below their respective 
potential barrier heights.· Thus, the free rotation model 
is no longer valid. 

In order to resolve this problem, we used the semi
classical approximation of Pitzer and Gwinn (1942) for 
evaluation of the internal rotation contributions to 
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thermodynamic properties for the last two chloro
ethanes. It is interesting to note that when we used 
this semi-classical approximation method to calculate 
the internal· rotation contributions to thermodynamic 
properties for CH2 CICCla, the results obtained are 
consistent with those derived by using internal rotation 
energy levels. 

The basic molecular and thermochemical constants 
employed for calculation of the chemical thermo
dynamic properties for these six chloroethanes are 
summarized in table 7-1. The details of the selection 
and of the calculation procedures for each of the six 
chloroethanes are discussed in the following sections. 

The symbols recommended in "Manual of Symbols 
and Terminology for Physicochemical Quantities and 
Units," McGlashan, Int~rnational Union of Pure and 
Applied Chemistry, Butterworths, London, 1970, are 
used throughout. Symbols used in this report, which 
include some additional specifications, are listed below. 

Symbol Description Units 

Cp Heat capacity at constant pressure calK-l mol- 1 

H Enthalpy (H = U + PV) cal mol- 1 

!1Hf Enthalpy of formation of a compound. kca,lmol- 1 

from its elements 

I:>.Hc: Enthalpy of combustion of a compound kcal mol- 1 

with oxygen to yield CO2(g), H2 0(l), and 
other products as specified 

!1H t• Enthalpy of vaporization of a liquid to a kcal moI-l 

gas at equilibrium vapor pressure 

!1Hs Enthalpy of sublimation of a solid to a gas kcal mol-I 

at equilibrium vapor pressure 

I Moment of inertia of a molecule gcm2 or UA2 

K Equilibrium constant for a chemical reac-
tion 

Kj Equilibrium constant of formation of a 
compound from its elements 

H-Ho Enthalpy at given temperature minus 'the cal mol-I 

enthalpy at zero K 

G Gibbs energy (G = H - TS) cal mol-I 

!1Gf Gibbs energy of formation of a compound kcalmol- l 

'fIVIU it~ delnentl5 

G-Ho Gibbs energy at given temperature minus cal mol- 1 

the enthalpy at zero K 

I:lHr Enthalpy change for a chemical reaction kcal mol- l 

P Pressure atm 

. Symbol Description Units 

S Entropy calK-l mol- 1 

T Temperature, Kelvin scale K 

U Internal energy cal mol- 1 

I:>.Uc Change in internal energy for combustion kcal mol- 1 

of a compound in oxygen 

M Molecular weight 

V Volume cm3 mol- 1 

v Vibrational frequency (expressed in wave- cm-1 

number equivalent) 

Physical states are indicated by the following abbrevia
tions 

g gas 

liquid 

c crystal 

aq aqueous solution 

2. Chloroethane 

Thp. molp'clllar ancl thermochemical properties of 

chloroethane (ethyl chloride) have heen investigated by 
chemists for many years. The molecular structure of 
this compound was studied by electron diffraction by 
Bru (1933) and Beach and Stevenson (1939) and later by 
microwave spectroscopy by Wagner and Dailey (1954, 
1955, 1957), Barchukov, Murina, and Prokhorov (1958), 
and Schwendeman and Jacobs (1962). The molecular 
structura~ parameters elucidated from four of these 
investigations are summarized in table 1-1. 

Schwendeman and J a.cohs cxa.mined the microwave 
spectra of CH3CH235CI and CH3CH237CI and derived 
the rotational constants (A, B, C) and the three principal 
moments of inertia (I A. I R. I r) for each species. Com
bining their data with those reported previously for 
CH3CH235CI, CH3CHz37Cl, and CHzDCHz35CI, they ob
tained a complete set of structural parameters for 
chloroethane by means of the substitution method, as' 
shown in table 1-1. Based on their reported values for 
lA, IB , and Ie for CH3CH235CI and CH3CH237CI, the 
curresl'uJlding values for the chloroethane natural 
isotopic mixture are evaluated as: IA = 16.385 ~.A2 (or 
2.67985 X 10-39 g cm2), 18 . 92.5005 u.A2 (1.53600 X 10-38 

g cm2), and Ic= 102_361 u.A2 (1.69974 X 10-38 g cm2 ) 

by taking appropriately weighted averages of the values 
for the two isotopic species. The product of the principal 
moments of inertia (JaI81e) is obtained as 1.5281 X 105 

J. Phys. Chem. Ref. Data, Vol. 3, No.1, 1974 
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TABLE 1-1. Structural data for chloroeth,!-ne 

Reference 

Structural 
parameter a Beach and Wagner and Barchukov Schwendeman and 

Stevenson, 1939 Dailey, 1957 et aI., 1958 Jacobs, 1962 
Selected 

C-C1. .................... 1.76±0.02 1.7785 ± 0.0003 1.78 1. 788 ± 0.002 1.788 
C-H(CH2Cl) ............ (1.09) b 1.101 ±0.003 1.103 1.089±0.O1O 1.089 
C-H(CH3 ) ..•.••.•.•••••• (1.09) 1.101 ±0.003 1.103 1.091 ±0.010 1.091 
C-C ...................... (1.54) 1.5495 ± 0.0005 1.54 1.520±0.003 1.520 

L CCCl ................... 111.5±0.03 1l0.5±0.03 
L HCH(CH 2Cl) ......... 009.5) IlO.0±0.5 
L HCC(CH2 CI) ......... 009.5) 
L HCH(CH3 ) •....•••.... 009.5) IlO.0±0.5 
L HCC(CH3) •••••.•••••• 009.5) 

a Bond distances, 10-8 cm; bond angle, degrees. 
b Values in parentheses are estimated. 
C Derived value. 

110.5 111.03±0.13 111.03 

110.33 109.2±0.5 109.2 

108.6 Il1.6±0.5 111.6 

109.47 108.5±0.5 108.5 
1l0.43 c 

TABLE 1-3. Reported internal rotation barrier heights and torsional 

u~ A fl (or 6.9966 X 1 0- 115 g~ emS). Adopting the selected fundament::. Is of chloroethJ'lne 

structural parameters listed in· table 1-1 and the usual 
atomic weights of natural isotope mixtures, the re
dUl:ecl moment of inertia (T r) for internal rotation for 
chloroethane was derived to 2.779 u.A2 (or 4.615 X 10-40 

g cmZ). The above values of IAIBlc and Ir were used in 
the calculation of the thermodynamic properties for 
chloroethane. 

If the selected structural parameters given in table 
1-1 are used to calculate the product of the three princi
pal moments of inertia, the value IAIBlc = 1.5154 X 105 

u3As is obtained. Based on this I..dBIc value, the calcu
lated entropies would be lower by a constant amount 
of iR In (1.5281/1.5154) =0.008 cal K-I moi~l,-and the 
values of Gibbs energy function [- (Go -Hg) IT] would 

TABLE 1-2. Vibrational assignments for chloroethane 

Reference 

Mode Symmetry Shimanouchi 

No. class 1972 

Wavenumber in cm- I 

-------

VI a 2967 

V2 a' 2946 

Vs a 2881 
V4 a 1463 

V5 a 1448 

Vs a' 1385 

V7 a' 1289 

VH a' 1081 

V!I a' 974 

V 10 a' 677 

VII a' 336 

V12' a " 3014 

Vl3 a" 2986 

VH a " 1448 

VI;; a" 1251 
Vu; a " 974 

l'l7 a" 786 

VIH a" (torsion) 251 

J. Phys, Chern. Ref. Data, Vol. 3, No.1, 1974 

v3 , kcal mo}-I V18, cm-I References 

3.69 251 Shimanouchi, 1972 

3.69. 251 DUrig et al., 1971 
3.67 250.5 Fateley et aI., 1970 

275 Strong et aI., 1970 
25L5 Winther and Hummel, 1969 

3.70 251 Allen et aI., 1967 
3.56 243 Shimanouchi, 1967 
3.66 Moller et aI., 1967 
3.70 25L5 Fateley and Miller, 1963 
3.69 Schwendeman and Jacobs, 1962 
3.58 243 Fate]ey and Miller, 1961 

3.56 242.5 Lide, 1959 
2.9 220 Luft, 1955 
3.0 Wagner and Dailey, 1954 
2.7 215 Bernstein, 1949 

4.7 280 Gordon and Giauque, 1948 
2.7 Eucken and Franck, 1948 
3.69 251 This work, 1972 (Selected) 

be more positive by the same amount. The heat capacity 

and enthalpy values would not be changed. 
Shimanouchi (1972) has critically reviewed the infra

red and Raman data for chloroethane and assigned· a 
complete set of vibrational fundamentals (see table 
1-2) which values have been accepted for the compu
tation of thermodynamic properties. Different vibra
tional fundamentals were assigned for chloroethane by 
Linnett (l940), Gordon and Giauque (1948), and Sheppard 
(1949). 

Table 1-3 presents the torsional fundamentals and 
barrier heights for internal rotation for chloroethane 
reported in the literature. Since it is very likely that the' 
molecular structures for CH3 CH2CI used by the various 
authors to derive the values of illS and V3 listed in table 
1-3 were not the same, only a limited comparison of 
these listed values can be made. A value of V3 = 1290.9 
em-lor 3.691 kcal mol- 1 (corresponding to illS = 251 
cm- l ) was selected to generate 102 internal rotation 
energy levels for calculation. 
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By flame calorimetry, Fletcher and Pilcher (1971) 
measured the enthalpy of combustion of C2H5 CI (g) at 
25°C to be -337.73±0.14 kcal mol-to Casey and 
Fordham (1951) determined the enthalpy of combustion 
of C2H5Cl (g) containing 90 percent by volume of H2 
(g) (to ensure adequate combustion without liberation 
of free Ch (g) to be - 341 ± 2.5 kcal mol-I at 293.15 K. 
The enthalpy change of reaction I-I was measured as 
-17_16±O_06 keal mol- 1 at S?l K hy Laf'.he:T e:t at 

(1956). 

C2 H5 CI (g)+ H2 (g)= C2H6 (g)+ HCI (g). (I-I) 

The equilibrium constants of reaction 1-2 have been 
determined by Lane et al. (1953) in the temperature 
Iallge 722-764 K, and by Howlett (1955), 443 523 K 

(1-2) . 

F:rom their results, the respective enthalpy of forma
tion, tlHfO( C2H5CI, g, 298.15), was evaluated. They 

are presented in table 1-4. The selected value for 
tlHfO(C2H5CI, g, 298.15) is -26.83±0.18 kcal mol-I. 
For the above calculations, the tlHfO(g, 298.15) for 
C2H4 and C2H6 were obtained from APIRP 44 tables 
(Zwolinski et aI., APIRP 44, 1972) and that for HCl was 
taken from TRCDP tables (Zwolinski et al., TRCDP, 
1972). 

Based on the adopted molecular and spectroscopic 
con~tant~ fOT f: 2H!;f:l (g), the: lrle:~l ga!; thermorlynamie 

functions, C~, S°,. - (Go- H~)/T, and HO- H~, in the 

temperature range 100-1500 K were calculated by the 
statisticq,l thermodynamic method using rigid-rotor and 
harmonic-oscillator approximations. From the selected 
tlHfO(C2H 5CI, g, 298.15) and the enthalpy (HO- Hg) 
and Gibbs energy function [- (Go - Hg)/TJ for C (graph
ite), H2 (g), CI (g) (see Rodgers et al., 1974), and C2H5CI 
(g) (from table 1-5), the values of tlHfo, /lGfo, and log 
Kf in the same temperature range as the other thermo
dynamic functions were evaluated. The results are given 
in table 1-5. 

TABLE 1-4. Enthalpy of formation data for chloroethane 

l:>.Hro obs 
Conditions Method 

ilHro (298) ilHr (298) gas 
kcal mol-I kcal mol-I 

Reference 
kcal mol-I 

-341±2.5 293 K combustion -341±2_5 Casey and -23_5±2.5 
with H2 Fordham, 1951 

-18.4±1.6 449 ~ 491 K equilibrium -18.1 ± 1.6 Lane et al., -27_7±1.6 
1953 

-17.43±0.03 448 ~528 K equilibrium -17.16±0.05 Howlett, 1955 -26.73±0.05 

-17.16±0.06 521 K hydrogenation -16.56±0.1 Lacher et al., -25.8±0.1 
1956 

-337.73±0.14 298.15 K flame calorim- -337.73±O.14 Fletcher and -26.83 ± 0.18 
etry . Pilcher, 1971 

Selected value -26_83±0.18 

TABLE 1-5. Ideal gas thermodynamic functions for chloroethane 

co So - (CO-H~)/T HO-H~ 

I 
ilHI' ilCI' p 

Temp. -- logKf 
K cal K-l mol-I kcal mol-1 

0 0 0 0 0 -26.418 -26.418 infinite 

100.00 9.095 53.535 45_306 0.823 -24.792 -21.746 47.526 

150.00 10.392 57.470 48.735 1.310 -25.258 -20.125 29.323 

200.00 11.752 60.642 51.326 1.863 -25.778 -18.335 20.035 

. 273.15 14.096 64.641 54.368 2.806 -26.570 -15.497 12.399 

298.15 14.971 65.913 55.283 3.169 -26.830 -14.459 10.599 

300.00 15.036 66.006 55.348 3.197 -26.849 -14.381 10.476 

400.00 18.538 70.815 58.622 4.877 -27.814 -10.072 5.503 

500.00 21.657 75.297 61.514 6.891 -28.611 -5.544 2.423 

600.00 24.282 79.484 64.164 . 9.192 -29.249 -0.869 0.317 

700.00 26.494 83.398 66.635 11.734 -29_749 3_905 -1.219 

800.00 28.385 87.062 68.962 14.480 -30.129 8.739 -2.387 

900_00 30_018 90.502 71.166 17.403 -30.403 13.616 -3_306 

J. Phys. them. Ref. Data, Vol. 3, No.1, 1974 
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TABLE 1-5. Ideal gas thermodynamic functions for chloroethane-Continued 

co 
p 

So -(CO-H~)/T HO-H~ fj.Hr fj.Cr 
Temp. logKf 

K cal K-l mol-1 kcal mol-1 

1000.00 31.433 93.740 73.263 20.477 -30.581 18.527 -4.049 
noo.oo 32.662 96.795 75.265 23.683 -30.681 23.418 -4.653 
1200.00 33.729 99.684 77.181 27.004 -30.723 28.358 -5.165 
1300.00 34.658 102.421 79.018 30.424 -30.71S 33.278 -5.595 
1400.00 35.466 105.020 80.783 33.931 -30.674 38.220 -5.966 
1500.00 36.171 107.491 82.482 37.514 I -30.599 43.129 -6.284 

TABLE 1-6. Comp~rison of calculated and experimental gas phase heat 
capacity and entropy data for chloroethane 

c; cal K-l mol- 1 So cal K-l mol-1 

Temp.K 
obs calc a Ref obs calc a Ref 

200 11.S2±0.1 11.75 Eucken and 
Franck, 1948 

2S0 14.02±0.1 14.33 Eucken and 
Franck, 1948 

285.37 65.31 65.27 Gordon and 
Giauque, 1948 

313.15 15.7 15.50 Senftleben and 
Gladisch, 1949 

500 

500 

a This work. 

Comparison of calculated and experimental heat 
capacity and entropy data for C2H5CI (g) is listed in 
taLle 1-(). Ul;lng Lhermal cunductivity meLhud, Eut:k~Il 

and Frank (1948) measured the vapor heat capacities 
of C2H5CI at 200 and 280 K. Their results are in fair 
agreement with the present calculated values. The C; 

value reported by Senftleben and Gladisch (1949) is 
higher than the present value by 0.2 cal K-l mol- 1 at 
313.15 K. Gordon and Giauque (1948) measured the low 

temperature heat capacities of crystal and liquid 
chloroethane in the temperature range 15 ~ 285.37 K. 
Based on S~!l (Debye extrapolation) = 0.50 cal K-l mol-I. 
aH~(134.80 K)= 1.064 kcal mol-I, and aH~(285.37 K)= 
5.892 kcal mol-I, the third law entropy of C2HsCI (g) 
was evaluated as 65.31±0.I"cal K-I mol-I, which is in 
good agreement with the value 65.26 cal K-I mol- l 

obtained in this work. The two observed entropy values 
at 500 K were derived from the reported equilibrium 
data by the second law method. The calculated entropy 
is consistent with the average value of these two data 
points. 
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74.7±3 75.30 Lane et aI., 1953 

76.8±0.1 75.30 Howlett, 1955 

3. l,l-Dichloroethane 

The molecular structure of l,l-dichloroethane has 
been studied by electron diffraction (Morino et al., 
1949; Danford, 1954; Danford and Livingston, 1959) 
and microwave spectroscopy (Flygare, 1964). Their 
reported results are listed in table 2-1. Some structural 
parameters are still undetermined. The structure pro
posed by Flygare (1964) was adopted. 

The infrared spectrum of 1,I-dichloroethane has been 
observed by Emschwiller and Lecomte (1937), Thomp
~on ann Torkington (l94S, 1 946), naa~~h pt at (19S4), 

and Durig et al. (1971). In addition, the Raman spectra 
of this compound were investigated by Pestemer (1930, 
1931)," Cleeton and Dufford (1931), Kohlrausch and 
Koppel (1934, 1935), and Bishui (1948). 

Daasch et al. (1954) assigned 16 fundamental vibra
tional wavenumbers for CHaCHCb (g) and reported the 
two missing values for th~ complete vibrational assign
ment, JJ12=2990 cm- I and JJls=239 cm- I , from the 
Raman spectrum of CHaCHCb (1). (See table 2-2 for 
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TABLE 2-L Structural data for 1,1-dichloroethane 

Structural 
parameter a Morino et al., Danford, 1954 

1949 

C-CI (1.77) b 1.795±0.0-2 
C-H(CH3 ) (1.09) 
C-H(CHClz) (1.09) 
C-C (1.54 ) 1.55±0.07 
LCICC 112.5±2.0 llO±4 

LHCC(CHCI2 ) (109.5) 
LCICCI 110±1 109.1±3.5 
LHCC(CH3 ) (109.5) 
LHCH(CH3 ) 

a Bond distances, 10-8 cm; bond angle, degrees. 
b Values in parentheses are estimated. 

TABLE 2-2. Vibrational assignments for 1,1-dichloroethane 

Reference 

Mode No. Symmetry Daasch et aI., Allen et aI., Selected 
Class 1954 1967 

Wavenumber in cm-1 

VI a ' 3012 3012 
V2 a ' 2941 2941 
V3 a ' 2873 2873 
V4 a ' 1445 1445 
Vs a ' 1383 1383 
116 a ' 1282 1282 
V7 a ' 1094 1094 
Vs' a' 98l 982 
V9 a ' 651 651 
VIO a ' 405 406 406 
Vll al 277 275 275 
V12 a" 2990 2990 
1113 a" 1445 1445 
1114 a" 1239 1239 
VIS a" 1058 1058 
VI6 a" 705 705 
V17 a" 317 318 318 
VIS a II (torsion) 239 222 231 a 

_.; 

aBased on Durig et al. (1971). 

details.) Allen et al. (1967) have studied the far infrared 
and Raman spectra of CH3 CHCb (1 and g). They as
signed three new wave numbers , 275, 318, and 406 
em-I. for CH3 CHC12 (g) and a torsional wavenumber. 
VlS= 222 em-I, which was obtained from the Raman 
spectrum of liquid 1,1-dichloroethane. The torsional 
wavenumber, 239 em -1, reported by Daasch et al. 
(1954), was not observed by them. Durig et al. (1971) 
have investigated the infrared spectrum of CH3 CHCb 
(g) in a 10-m variable-path-Iength cell. A weak band that 
appeared at 231 cm- l in the spectrum was assigned as 
the methyl torsional mode. They also studied the infra
red spectrum of CH3 CHCl2 (c) from 140 to 400 cm- 1 and 
observed the torsional mode at 232 em -I. 

Based on a neutron inelastic scattering study, Brier 
et al. (1971) reported bands at 290 and ~ 230 em-I. The 
290 em -1 band is more intense, and they tentatively 

Reference 

Danford and Flygare, 1964 Selected 
Livingston, 1959 

1.795±0.O2 1.766±0.01 1.766 
(1.09) (1.09) 1.09 
(1.09) 1.09 1.09 

1.55±0.07 1.540±0.0l 1.54 
llO±4 111.0±0_5 111_0 

(109.47) (111.29) 111.29 
109.5±1.5 112.0±0.5 112.0 

(109.47) (l08.73) 108.73 
(110.2) 110.2 

assigned it to the torsional mode for the gas as it was 
similar to the 298 ± 10 em -1 torsional band reported 
earlier by Brier (1970) for liquid 1, I-dichloroethane. 
Recently, Durig et al. (1972) recorded the infrared 
spectra of gaseous and solid CH3 CHCb and CD3 CDCh. 
The corresponding Raman spectra of the gases and 
liquids have also been recorded and depolarization 
values have been measured. The internal torsional mode 
was observed at 196 cm- 1 in the infrared spectrum of 
CD3 CDC12 (c). From the expected shift factor of 1.414 
with deuteration, they estimated the torsional funda
mental for CH3 CHCb as 277 em-I. This assignment 
leaves unexplained the band at 232 em -1 reported 
previously. According to Durig et al. (1972), the most 
reasonable explanation seems to be that it arose, from 
an impurity in the sample used in the previous investiga
tions. 

Based on VlS= 231 and 277 em-I, the corresponding 
internal rotation barrier heights were deriVf~d to he 
3.54 and 4.89 kcal mol-I, respectively. As the latter 
valu~ seems unreasonably high, the torsional vibrational 
mode VlS= 231 cm- 1 (Durig et al., 1971) was selected. 
Other values of V3 and VIS that have been reported in 

TABLE 2-3. Reported internal rotation barrier heights and torsional 
fundamentals 1,I-dichloroethane 

v3 , kcal mol-I VIS, cm-I References 

4.89 277 Durig et al., 1972 
3.50 231 Durig et aI., 1971 
3.50 232 Durig et at, 1971; for CH3CHCh(c) 
3.3 222 Allen et aI., 1967 
3.49±0.2 a Wulff,1963 
3.55±0.45 b Li and Pitzer, 1956 

240 c Millikan; quoted by Li and Pitzer, 1956 
2.95 215 Luft. 1955 
3.75 239 Daasch et aI., 1954 
3.54 231 This work, 1972 (Selected) 

a Calculated from thermal data on solid phase reported by Li and 
Pitzer (1956). 

b Derived from the third law entropy at 298.15 K. 
C Observed in an unpublished infrared spectrum of liquid 1,1-

dil'hloropth:m". 
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the literature for CH3CHCb (g) are listed in table 2-3. 
The other vibrational wavenumbers adopted for 1,1-
dichloroethane (g) are listed in table 2-2: 

Flygare(1964) calculated the'three principal moments 
of inertia of the isotopic species CH3CH35,35Cb and 
CH3CH35,37C12 directly from the observed rotational 
constants A, B, and C. We assumed that the corre
sponding moments of inertia of the CH3CH37,37C12 
species could be estimated by addition of the differences 
in lA, IB' and Ie between CH3CH35,37C12 and 
CH3CH35,35C12 species to those for the CH3CH35,37C12 
species. From the reported three principal moments of 
inertia for CH3CH35,35Cb and CH3CH35,37C12 and those 
estimated values for CH3CH37,37CI2, the three principal 
moments of inertia of 1,1-dichloroethane natural iso
topic mixture were evaluated to be: IA = 78.8154 u.A2 

(or .1.30875 X 10-38 g cm2), IB= 159.239 uA.2 (2.64421 
X 10-38 g cm2

), and le=224.623 u.A2 (3.72993 X 10-38 

g cm2
). The product IAIBle is 2.81913 X 106 u3.A6 

(1.29078 X 10-113 ' g3 cm6 ), which was adopted for 
thermodynamic calculations in this study. 

Based on the selected structural parameters for 
1,I-dichloroethane given in table 2-1, the value of 

method. For the reaction 2-1, the value aU~=3005.9 
cal g-l was reported 

CH3CHCb (l)+2!O2 (g)=2CO~ (g)+H20 

+ 2HCl (600 H20). (2-1) 

This au~ value was recalculated as - 3004.4 cal g-l or 
-297.32 k~al mol-1 (see Rodgers et aI., 1974, for details) 
~hich leads to aH~=- 297.61 kcal mol- I for CH3CHC12 
(I). From this data, one ca1culates aHjO(CH3CHCb, 
I, 298.15)=-38.45 kcal mol-I, using auxiliary data for 
CO2 (g), H20 (I), and HCI . 600 H20 from Wagman et aI. 
(1968). Li and Pitzer (1956) measured the, enthalpy of 
vaporization for 1,1-dichloroethane by vapOflzmg 
through a suitable capillary tube into a bulb immersed in 
liquid nitrogen in order to maintain a constant pressure 
difference at constant flow. rates. They obtained ·the 
enthalpy of vaporization at 293 K as 7409± 7 cal mol-I. 
Using the Berthelot equation of state, critical constants 
and vapor pressure data from the TRCDP tables (Zwo
linski et aI., TRCDP, 1972) and aCp =-12 cal K-l 
mol-I, we calculated aH~= 7.42 kcal mol- 1 at 293 K 

and 7.36± 0.10 kcal mol- l at 298.15 K (see table 2-4). 

TABLE 2-4. Enthalpy of vaporization data for 1,1-dichloroethane 

11Hv obs Conditions Methods Reference AH~ (298) 
kcal mol-I kcal mol-I 

7.409 ±O.007 293K Calorimetric Li and Pitzer, 7.36±O.0l 
1956 

7.401 293K Calculated from vapor Li and Pitzer, 7.36 
pressure equation 1956 

IAlBle is obtained as 2.72546 XI06 u3A-6. By use of this 
IAIBlc value, each calculated entropy value would be 
0.033 cal K-I mol-1 lower than the previously calcu
lated ones, and each calculated <;ibbs energy function 
[ (Go - H8) IT] value would be' more positive by the 
same amount. The values of heat capacities and en
thalpie5 would not he changed. 

The reduced moment of inertia (/r) for internal 
rotation for 1,I-dichloroethane was evaluated as 3.158 
UA2 (or 5.24.~ X 10-40 g ~m2)? hased on the selected 

molecular structure as shown in table 2-1. From the 
torsional wavenumber, 231 em-I, and the above value 
of Ir , the internal rotation barrier, V3 , was derived as 
3.545 kcal mol:-t, which is in excellent agreement with 
the value 3.550 ± 0.450 kcal mol-1 obtained by Li and 
Pitzer (1956) from the experimental third law entropy. 
By use of the method described in ~he introduction, 
110 internal rotation energy levels below 16660 cm-1 

were generated. These energy levels were employed 
for the computation of the intelnal luLaLiuu l;UllLribu

tions to the thermodynamic properties. 
Smith et al. (1953) determined the energy of combus

tion (aUl') of CH3CHCh (1) by the "Quartz Wool" 
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Selected value: 7.36 

This leads to ~HjO(CH3CHCI2' g, 298)=-31.09± 
0.2 kcal mol-l, 

Lacher et al. (1967) determined the enthalpy of reac
tion 2 - 2 at 250 0 C and obtained ~H~(523 K) = - 34.65 ± 
0.12 kcal moI- I ' 

CH3CHClz (g) + 2H2 (g) = CH3CH3 (g) 

+ 2HCI (g). (2-2) 

Adopting heat capacity data for H2 (g) and HCI (g) from 
TRC Data Project Tables (Zwolinski et aI., TRCDP, 
1972) and for CH3CH3 (g) from .APIRP 44 Tables 
(Zwolinski et al., APl.l:{P 44, lY72), we calculated the 
enthalpy change of this reaction at 298.15 K as - 33.30 
kcal mol-I. Based on aHjO(C2H6 , g, 298.15)=- 20.24 
(Zwolinski et al., APlRP 44, 1972) and AHf"(HCl, g, 
298.15)=- 22.06 kcal mol- 1 (Zwolinski et aI., TRCDP, 
1972), we obtained aHjO(CH3CHCb, g, 298.15)= 
- 31.06± 0.1 kco1 mol-I, in excellent agreemcnt with 

the above calorimetric -value. The selected value is 
-31.1 0.2 kcal mol-I. These data are summarized in 
table 2-5. 
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TABLE 2-5. Enthalpy of formation data for 1,I-dichloroethane 

Mlro obs Conditions Method 
kcal mol- 1 

-297.6 298K Combustion calorimetry 

-34.65 523K Hydrogenation 

Employing AHIO(CH3CHCI2 , g, 298.15)=- 31.1 kcal 
mol- 1 from this work and enthalpy and Gibbs free 
energy function data for C (c), H2 (g), and Clz (g) from 
the TRC Data Project Tables, we derived the values of 
AHlo, AGlo~ and log Kf for CH3 CHClz (g) in the tempera
ture range 100 to 1500 K. The results are presented in 
table 2-6. 

AHr(l) 
kcal mol- 1 

Reference !:!.Hr (298) gas 
kcal,mol- 1 

--38.45 Smith et al., -31.09 
1953 

Lacher et al., -31.06 
1967 

Selected value: -31.1 

molecular structure of this molecule was determined 
by electron diffraction (Beach and Stevenson, 1939; 
Coutts and Livingston, 1953) and microwave spectros
copy (Ghosh et a!., 1952; Holm et al., 1968). Holm et al. 
evaluated the complete set of molecular structural 
parameters for eH3 CCl3 (g), and their values were 
adopted. The reported molecular parameters for 

TABLE 2-6. Ideal gas thermodynamic functions for 1,1-dichloroethane 

co 
p 

So ~(CO-H~)IT 

Temp. K 
cal K-l mol- 1 

0 0 0 0 
100.00 10.096 58.028 49.545 
150.00 12.409 62.568 53.154 
200.00 14.460 66.424 56.001 
273.15 . 17.297 71.352 59.466 
298.15 18.245 72.908 60.529 
300.00 18.315 73.021 60.605 
400.00 21.844 78.786 64.443 
500.00 24.793 83.988 67.840 
600.00 27.124 28.727 70.932 

700.00 29.148 93.070 73.789 
800.00 30.794 97.073 76.453 
900.00 32.194 100.783 78.952 

1000.00 33.395 104.24 B1.31O 

1100.00 34.430 107.47 83.543 
1200.00 35.324 110.51 85.665 
1300.00 36;768 113.36 87.687 
1400.00 36.768 116.06 89.618 
1500.00 37.352 118.62 ~1.467 

The low temperature heat capacities (14.17 to 294.26 
K), melting point (176.18 K), and enthalpies of fusion 
(1881 cal mol-I) and vaporization (7409 cal mol-lilt 

293 K) have been determined by Li and Pitzer (1956). 
From these data, they calculated the entropy at 293 K as 
72.58± 0.]5 cal K-l mol-I, whi~h i~ in ,py~pllfmt agrpp-

ment with the value 72.59 cal K-l mol- 1 obtained in this 
study. There are no vapor heat capacity measurements 
reported for CH3 CHCl2 (g) in the literature for 
comparison. 

4. 1,1, l-Trichloroethane. 

The 1,1,I-trichloroethane ·(CH3 CCb) molecule has 
t.wo symmet.ric tops rotating around the C-C bond. The 

HO-H~ tillfo t:.Cr 
logKf 

kcal mol- 1 

0 - 31.168 31.168 ·infinite 
0.848 29.442 - 29.807 56.400 
1.412 -29.865 - 23.898 34.819 
2.085 - 30.293 - 21.842 23.868 
3.247 - 30.905 -18.661 14.930 
3.691 - 31.100 - 17.523 12.844 
3.725· - 31.114 -17.436 12.702 
5.737 - 31.814 -12.765 6.975 
8.074 - 32.366 -7.939 3.470 

10.677 - 32.736 - 3.013 L097 

13.497 -33.096 1.978 - 0.618 
16.496 - 33.313 7.004 -1.913 
19.647 - 33.447 12.053 2.927 
22.92B - 33.506 17.123 -3.742 

26.321 - 33.505 22.160 - 4.403 
29.809 - 33.462 27.238 - 4.961 
33.381 33.383 32.290 - 5.428 
37.025 33.277 37.358 5.832 
40.732 - 33.148 42.391 - 6.176 

I 

CH3CCla by several investigators are listed in table 
3-1. Based on the adopted molecular structure, the 
thrcc principal m.om.cnts of inertia were calculated as; 

/A=/B=215.12 uA2 (or 3.5720XI0-38 g cm2 ) and 
Ie 299.64 uAz (or 4.9753 X 10-38 g cmZ). The values of 
I.1 1g1c and the reduced moment(Jr) were obtained as 
1.3867 X 107 u3A6 (or 6.3480 X 10-113.g3 cm6 ) and 3.196 
uA. z (or 5.306 X 10-40 g cm2 ), respectively. 

Pitzer and Hollenberg (1953) measured the infrared 
spectrum of this compound in the gaseous state in the 
range 130-430 em-I. They assigned 12 fundamental 
vibrations for three different classes of symmetry (see 
table 3-2 for numerical values) of which the torsional 
mode was assigned as 214 em-I. Since this torsional 
mode (V(I) is inactive as a fundamental in either the 

J. Phys. Chem. Ref; Data, Vol. 3, No.1, 1974 



150 CHAO ET AL. 

TABLE 3-1. Structural data for 1,1 ,I-trichloroethane 

Structural 
parameter a Black and Ghosh et at, 

Stevenson, 1939 1952 

C-CI 1.76 ± 0.2 (1.767) 
C-H (1.09)b (1.09) 
C-C (1.54) 1.55 ± 0.01 
LCICC 109 ± 2 (109.47) 
LCICCI 1l0±2 (1l0.4 ) 
LHCC 009.47) 009.47) 
LHCH 009.5) 

a Bond distances, 10 -II cm; bond angle, degrees. 
b Value in parentheses are estimated. 
C Derived value. 

Reference 

Coutts and Holm et al., Selected 
Livingston, 1953 1968 

1.775 ± 0.02 1.7712 ± 0.0008 1.7712 
(1.09) 1.090 ± 0.002 1.090 

1.54 ± 0.04 1.541 ± 0.001 1.541 
110.0 ± 1.5 109.52 c 
109.0 ± 1.5 109.39 ± 0.25 109.39 

(109.47) 108.52c 
009.5) 1l0.04 ± 0.25 1l0.04 

TABLE 3-2. Vibrational assignments for 1,1 ,I-trichloroethane 

Reference 

Mode Symmetry EI Sabban Smith Pitzer and I Evans and Selected 
no. class et al., 1951 et al., 1952 Hollenberg, 1953 Bernstein, 1955 

Wavenumber in cm- I 

VI al 2954 2954 2954 2938 2954 
V2 al 1381 1383 ·1383 1378 1383 
V3 at 1012· 1075 1075 1067 1075 
1'4 al 524 526 526 521 526 
v~ "at 343 344 344 343 344 
116 a2 (torsion) ·205±20c 21t 214c ......................... 278t> 

117 e 3017 3017 3017 3005 3017 
VII e 1445 -1427/1456a 1456 1444 1456 
V9 e 1087 1089 1089 1081 1089 

VIO e 720 725 725 712 725 
VI1 e ................... 301 351 343 351 

Vt2 e .................... 241 239 239 239 

a Split levels. 
b Obtained trom Durig et al. (1971), see text for details. 
c Calculated value. 

Raman or the infrared spectra, the value 214 cm- t was 

derived from the combinations of this mode with the 
fundamentals of E symmetry. However, the combina
tion bands 135, 154, and 172 em -1 observed by Pitzer 

and Hollenberg (1953) were not found in· the far infrared 
spectrum by Fateley and Miller (1963) and Durig et al. 
(1971): therefore. the value V6 214 cm- 1 was not 
accepted. 

Durig et al. (1971) have investigated the far infrared 
and Raman spectra of solid CH3CCi1 and CD3CCi1, 
hoping to resolve the conflicting results obtained for 
the· torsional fundamental and the barrier to internal 
rotation in 1,1,1-trichloroethane. From the spectra 
obtained, they found a relatively sharp band at 290 cm- 1 

in the infrared spectrum of CH3 CCi1 (c) and the band 
shift to 206 cm- I with deuteration. The shift factor of 
1.41 is in excellent agreement with the theoretical 
value of 1.414 predicted by the Teller-Redlich product 
rule. By assuming that the shift for solidification is 
within the same range as that found for ethane, chloro-
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ethane, and dichlorocthanc, thcy assigned a torsional 

fundamental of 278 cm-1 for C~CCi1 (g) which was 
adopted for the present calculations. The other funda
mental vibrations have been adopted from th()~p. rp.

ported. by Pitzer and Hollenberg (1953). The selected 
values, as well as some values reported by the previous 
investigators. are shown in table 3-2. 

From v6=278 cm-t and Ir=3.196 uAz, the barrier 
height for internal rotation was calculated to be V3 = 5.08 

. kcal mol-to This value is much higher than the values 
predicted from thermodynamic (Rubin et aI., 1944) and 
microwave (Holm et aI., 1968) studies. Table 3-3 pre
sents a comparison of the various reported values for 
V3 and V6 for CH3CCi1 "(g). Nevertheless, the present 
V3 value is consistent with those obtained by Rush 
(1967) and Stejskal et aI. (1959). By use of the method 
described previously, 112 internal rotation levels up to 
17300 cm- 1 were generated. 

The enthalpy of combustion (reaction 3-1) for 1,1,1-
trichloroethane (I) at 298.15 K has been determined as 
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TABLE 3-3. Reported internal rotation barrier heights and torsional 
fundamentals of 1,1,1-trichloroethane 

v3 , kcal mol-1 vs,cm-1 References 

5.0 278 Durig et al., 1971 
5.5 a 290 Durig et aI., 1971 
1.74±0.3 Holm et aI., 1968 
2.8 205 Allen et aI., 1967 
4.41 De Coen et aI., 1967 
5.8:!:0.45,,·b 300:!:12 Rush,1967 
3.73 d Scott and Scheraga, 1965 
5.7 a,c Stejskal et al., 1959 
3.0 214 Luft, i955 
2.97 214 Pitzer and Hollenberg, 1953 
3.045 213 Smith et at, 1952 
2.84 205±20 EI Sabban et aI., 1951 
2.7±0.35 205 Rubin et at, 1944 
5.08 278 This work, In2 (Selected) 

a For CH3CCb (c). 
b Obtained in the neutron in elastic scattering investigation. 
c Derived from the low-temperature solid phase nuclear magnetic 

resonance spin-lattice relaxation times. 
d Theoretical calculation. 

-266.70±0.15, -265.80±0.31, and -264.73±0.19" 
kcal mol-1 by Hu and Sinke (1969), Mansson et aI. 
(1971), and Hu and Sinke (1971), respectively 

CH3 CCb (1)+ 202 (g)= 2C02 (g) 

+ 3HCI (600 H2 0)- (3-1) 

Based on this reaction, the value of aHfO( CH3 CCb, 1, 
298.15) was calculated to be -40.87, -41.77, and 
-42.84 kcal mol-1• According to Mansson et al. (1971), 
the value reported by Hu and Sinke (1969) was prob
ably in error. The later value (Hu and Sinke, 1971) has 

not yet been published. Therefore, the ~HfO( CH3 CCb, 
1, 298.15)=-41.77 kcal mol- 1 , reported by Mansson 
et aI., was adopted.' The enthalpy of vaporization was 
measured calorimetrically as 7.754 (Hu and Sinke, 
1971) and 7.761 kcal mol-1 (Mansson et aI., 1971). An 
average value, ~H~(CH3CCb, 1, 298.15)=7.76±0.02 
kcal mol-1 , was adopted to derive the enthalpy of for
mation, ~HfO(CH3CCb, g, 298.15)=-34.01 kcal 
mol: ... 1 • For evalua.tion of 6.HfO( CH3CC~, 1, 290.15), 
the auxiliary data for CO2 (g) and Hel· 600 H2 0 were 
taken from Wagman et al. (1968). 

The thermodynamic functions were calculated from 
the selected data in the rigid-rotor and harmonic
oscillator approximations. The results are presented 
in table 3-6. 

Rubin et al. (1944) measured the low temperature heat 
capacities (12.29 to 299.59 K), the temperatures of 
transition (224.20 ± 0.03 K) and melting (240.2 ± 0.5 K), 
enthalpies of transition (1786 ± 2 cal mol-l), melting 
(450 ± 300 cal mol-1," a rough value) and vaporization 
(7962 ± 12 cal mol~l at 286.53 K) for CH3CCh. Em
ploying 5 15 = 0.851 cal K-l mol-1 (Debye extrapolation), 
they· evaluated the entropy of the real gas at 286.53 K 
and 76_86 torr as 80.755± 0.16, and the entropy for ideal 
gas at 286.53 K and 1 atm as 76.22± 0_16 cal K-1 mol-1. 

For corrections to the entropy of the ideal gas at 286.53 K 
and 1 atm, the following values were used: ~S (gas 
imperfectioil)= 0.002 and ~S (correction to 1 atm)= 
- 4.553 cal K -1 mol-1• From the present statistical 
thermodynamical calculation, the value of S~86.53 is 

75.62 cal K-1 mol-1 , which is lower than the third law 
entropy value by about 0.6 cal K-1 mol-1 at 286.53 K 
and 0.5 cal K-1 mol-1 at 298.15 K (see table 3-6). 
Because of the uncertainties involved in the measure-

TABLE 3-4. Enthalpy of vaporization data for 1,1,I-trichloroethane 

AHv obs Conditions " Methods Reference AH~ (298) 
kcal mol-1 kcal mol-I" 

7.96±0.OI 286.5 K and 76.86 torr Giauque calorimeter Rubin et al. , 1944 7.81 ±0.05 

7.76±0.02 298.15 K Wadso calorimeter Mansson et at, 1971 7.76±0.02 

7.75 298.15 K Calorimetric Hu and Sinke, 1971 7.75 

Selected value: 7.76±0.02 

" TABLE 3-5. Enthalpy of formation data for 1,1 ,I-trichloroethane 

!:J.Hro obs Conditions Method !:J.Hr (298) liq. Reference !:J.H r (293) gal5 
kcal mol-I kcal mol-1 kcal mol-I 

-266.70±O.15 liq., at 298.15 K Combustion -40.87 Hu and Sinke, 1969 -33.11 :f0.15 

-265.80±0.31 liq., at 298.15 K Combustion -41.77 Mansson et al., 1971 -34.01 ±0.33 

-264.73±0.I9 liq., ~t 298.15 K Combustion -42.84 Hu and-Sinke, 1971 -35.08±0.20 

Selected value: -34.01 ±0.33 
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TABLE 3-6. Ideal gas thermodynamic functions for 1,1,I-trichloroethane 

co 
I 

So -(CO-H~)/T p 

Temp. K 
cal K-l mol- 1 

0 0 0 0 
100.00 11.251 58.665 49.905 
150.00 14.792 63.917 53.719 
200.00 17.651 68.579 56.862 
273.15 21.044 74.600 60.824 
298.15 22.071 76.488 62.059 
300.00 22.145 76.624 62.149 
400.00 25.717 83.504 66.647 
500.00 28.517 89.556 70.636 
600.00 30.682 94.955 74.247 
700.00 32.381 99.818 77.559 
800.00 33.747 104.234 80.621 
900.00 34.871 108.275 , 83.473 

1000.00 35.811 112.000 86.142 
1100.00 36.606 115.451 88.651 
1200.00 37.283 118.666 91.020 
1300.00 37.864 121.674 93.264 

1400.00 38.364 ,124.499 95.395 
1500.00 38.797 127.161 97.425 

ments by Rubin et al. (1944) on the melting point and the 
enthalpy of melting for CH3CCIa (c), these discrepancies 
in entropies may not be real. In order to resolve this 
inconsistency, a redetermination of the third law en
tropy fo! CH3CCh (1) at 298.15 K by use of modern high 
precision low temperature calorimetry seems necessary. 

5. 1,1,1 ,2-Tetrachloroethane 

The molecular structure of 1,1,1,2-tetrachloroethane 
(CH2 CICCI~) has not been reported in the literature. 
The bond distances and angles used for calculations 
were estimated on an assumption that the structures of 
CH2 CI and CCb in the CH2 CICCb molecule are similar 
to those of the corresponding groups in CH3 CH2Cl and 
CCbCCh. The C-C bond distance was estimated' as 
the average of the C-C bond lengths in chloro- and 
hexachloroethanes. These' estimated values are listed in 
table 4-1. Based on this molecular structure, the three 

TABLE 3-7. Comparison of calculated and experimental gas phase 
he<tl C<tV<tcjly <tllll ellllUVY J<tla fUll,I,I-l1ichluluelhallc 

So cal K-l mol-I 
Temp. K 

obs calc a Ref 

286.54 76.22±0.16 75.62 Rubin et at, 1944 

298.15 76.97±0.16 76.49 Rubin et at, 1944 

a This work. 

principal moments of inertia were derived as: IA = 
266.12 uA2 (or 4.4188 X Io-a8 g cm2), IB = 462.96 uA 2 

(or 7.6871 X 10-38 g cm2), and Ie = 496.01 uA 2 (or 
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HO-H~ !l.Hr !l.Cr 
logKf 

kcal mol- 1 

0 -34.646 - 34.646 infinite 
0.876 - 32.818 - 28.208 61.649 
1.530 - 33.186 - 25.822, 37.622 
2.343 -33.499 -23.316 25.479 
3.763 - 33.894 -19.532 15.627 
4.302 -34.010 -18.207 13.346 

, 4.343 - 34.018 -18.107 13.191 
6.743 - 34.398 -12.740 6.961 
9.460 -34.647 -7.298 , 3.190 

12.425 -34.789 -1.813 0,660 
15.581 - 34.850 3.691 -1.152 
18.890 - 34.847 9.197 - 2.512 
22.322 -34.790 14.701 3.570 
25.858 -34.682, 20.205 -4.416 
29.480 34.537 25.660 5.098 
33.175 34.369 31.144 - 5.672 
36.933 34.183 36.:'93 -6.1!J2 
40.745 - 33.983 42.049 -6.564 
44.604 33.772 47.466 6.916 

8.2359 X 10-38 g cm2). The reduced'moment for internal 
rotation (/r) was calculated to be 40.28 UA2 (6.688 X 

10-39 g cm2). 

TABLE 4-1. Structural data for 1,1,1 ,2·tetrachloroethane 

Structural parameters a 

C-CI(CCb) 
C-CI(CH2CI) 
C-H(CH2CI) 
C-C 
LCICC(CCI3 ) 

LCICC(CH2CI) 
LCICCl(CCh) 
LHCC 
LHCH 

Reference 

Selected 

(1. 77) b 

(1. 79) 
(L09) 
(1.55) 

(l09.5) 
(111.0) 
(109.4) 
(111.6) 
(109.2) 

a Bond distances, 1O-8 cm; bond angle, 
degrees. 

b Vallies in parentheses are estimated. 

The infrared absorption spectrum of CHzCICCla in 
the gaseous and liquid states has been observed by 
Bernstein (1950) and Nielsen, Liang, and Daasch (1953). 
Complete assignments of fundamental vibrational modes 
were made. Allen and Bernstein (1954) and Allen, Brier, 
and Lane (1967) studied the far infrared and Raman 
spectra of CH2CICC13 (1) and assigned vibrational funda
mentals close to those reported by Nielsen, Liang, and 
Daasch (see table 4--2). The infrared spectrum of 
CH2CICCb (I) has also, been. obtained by- Silver and 
Wood (1963), Bolleter (1964), and Chanal et al. (1967). 
Plyler and Acquista (1956) reported three bands at 
114, 122, and 157 cm -1 in the infrared spectrum of 
CH2CICCh (g). The Raman spectrum of; 1,1,1,2-tetra-
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chloroethane in the liquid state has also been reported 
by Gerding and Haring (1955) and Barrett and Tobin 
(1966). The selected values of vibrational fundamentals 
are shown in table 4-2 in which several more recent 
assignments are summarized for comparison. 

The internal rotation contributions to thermodynamic. 
properties were computed using 369 internal rotation 
levels up to 14994 cm -I. These levels were generated 
with V3= 10.38 kcal mol-1 and Ir=40.28 uA:2. It is 
interesting to mentiqn that the thermodynamic functions 

TABLE 4-2. Vibrational assignments for 1,1,1 ,2-tetrachloroethane 

Mode Symmetry Bernstein Nielsen 
No. Class 1950 et aI., 1953 

VI a' 2980 2959 
V2 a' 1415 1283 
Va a' 1280 1206 

V4 a' 960 1055 
Vs a' 730 822 
V6 a' 718 757 
V7 a' 525 551 

VB a' 381 381 

V9 a' 336 334 
VIO a' 308 242 
VII a' 242 157 

a " 3000 3020 V12 

VI3 a" 1205 1426 
VJ4 a" 1060 958 
VI5 a" 818 731 
VIS a" 750 308 

VI7 a" 157 242 
V18 a" (torsion) 188 116 

Based on the adopted torsional fundamental, 116 
cm -1, and derived I r, we calculated .v3 = 10.38 kcal 
mol-I. Two values for V3 (CH 2CICCb, g) were reported, 
i.e., 10.0 kcal mol-1 by Allen, Brier, and Lane (1967) and 
12.4 kcal mol-1 by Silver and Wood (1963). Allen, Brier, 
and Lane (1967) employed Vtorsion= 116 cm- I and F 
(rotational constant) = 0.4293 cm -1 to derive the V3 
value. Based on a slightly different molecular structure, 
the F value was calculated as 0.4185 cm -1 for the pres
ent work. Silver and Wood assigned the torsional fre
quency for CH2CCCl3 as 12~ em -1; anrl hasp.rI on ;:m 

unreported molecular structure, they obtained a higher 
potential barrier. The above values of V3 and V torsion , 

together ,with other reported results in the literature, 
are summarized in table 4-3. 

TABLE 4-3. Reported internal rotation barrier heights and 
torsional fundamentals of 1,1,1 ,2-tetrachloroethane 

Va, kcal mol-I VIS, cm- 1 References 

10.0 116 Allen, Brier and Lane, 1967 
12.4 123 Silver and Wood, 1963 

114 Plyler and Acquista, 1956 
6 70 Luft, 1955 

117 Allen and Bernstein, 1954 
116 Nielsen, Liang and Daasch, 1953 
118 Bernstein, 1950 

10.38 116 This work, 1972 (Selected) 

Reference 

Allen and Silve, and I Allen et al. 
I Selected 

Bernstein VVood,1963 1967 

I 1954 

VV avenumher in cm-I 

2961 2960 
1280 1283 
1200 1206 

1055 1055 
810 822 
750 757 
550 551 

380 384 380 380 
335 334 330 330 
240 245 243 243 
157 159 159 158 

3000 3020 
1415 1426 
958 958 
730 730 
305 312 307 307 
240 267 267 
117 123 U8 116 

thus obtained are in excellent agreement with those 
calculated using VlS= 116 cm-1 by Pitzer's semi
classical approximation method (Pitzer and Gwinn, 
1942). The following table shows the results obtained 
by ·use of these two different methods. 

T V:llnes ('a~('u]ated 

U sin~ energy· levels 
Using Pitzer's 

K approximation 

Co So Co So 
p p 

100 1.600 3.374 1.604 3.371 
29B.15 2.005 5.396 2.006 5.395 
500 2.116 6.459 2.117 6.459 

1000 2.348 8.010 2.338 8.007 
1500 2.250 8.953 2.218 8.964 : 

These results suggest the usefulness of Pitzer's semi-classical 
approximation method in cases when it is impractical to calculate the 
full set of internal rotation levels. Such situations arise, for example, 
in molecules like the pentachloro- and hexachloroethanes, which 
have high V3 and Ir values. 

The enthalpies of formation for CH2CICCIa in the 
liquid and gaseous states have not been measured. 
The value of aHfO(CH 2CICCI3 , g, 298.15) for the 
present work was estimated by a variable increment 
method. From IlHfO(g, 298.15)=-34.0, -26.8, and 
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TABLE 4-4. Ideal gas thermodynamic functions for 1,1,1,2-tetrachloroethane 

co So 
I 
-(CO-H~)IT p 

Temp. K 
cal K-' mol-I 

0 0 0 0 
100.00 13.49 64.70 54.83 
150.00 17.06 70.87 59.17 
200.00 19.95 76.19 62.78 
273.15 23.51 82.94 67.30 
298.15 24.59 85.05 68.70 
300.00 24.67 85.20 68.80 
400.00 28.36 92.83 73.88 
500.00 31.16 99.48 78.35 
600.00 33.28 105.4 82.37 
700.00 34.93 1l0.6 86.03 
800.00 36.24 lls.4 89.41 
900.00 37.30 119.7 92.54 

1000.00 38.17 123.7 95.45 
llOO.OO 38.88 127.3 98.19 
1200.00 39.41 130.8 100.8 
1300.00 39.96 133.9 103.2 
1400.00 40.36 136.9 105.5 
1500.00 40.69 139.7 107.7 

- 20.24 kcal mol- l for CH 3CCb, CH3CH2CI (this work), 
and C 2Hs (API 44 tables), respectively, we calculated 
LlHfO(CH2CICCI3 , g, 298.15)=-40.56 kcal mol-I, 
using the approximation that LlHfO(CCbCH2CI) ~ 
LlHfO(CH3CCb)' + LlHfO(CH3CH2CI) c- LlHfO(C2H6). 
Then we refined the derived value by addition of a 
correction called the configuration energy (Benson et 
al.,.1969), Econf' The .Econf value for C2CIs was derived 
as 

LlHfO(C2CIs) - [2 LlHfO(CH3CCb) - LlHfO(C 2 Hs)] 

=-33.2- (-68.0+20.24) 

= 14.6 kcal mol-I, 

which involves three CI-CI-CI configurational inter
actions (see figure 1). Since there are only 1/3 of such 

1 1 
CII 

Cl~Cl 

2 Cl'~CI'3 
CI 

Three Cl-CI' -Cl interactions 
in C2Cl6 molecule 

CII 

Cl~Cl 

H~H 
CI 

One Cl-Cl' -Cl interaction 
in CH2CICCl3 

FIGURE 1. The CI-CI':"'CI configurational interactions in C2CIs and 
CH 2ClCCla molecules. 

interactions in the CH2CICCl3 molecule, the Econf 

value for 1,1,1 ,2-tetrachloroethane was evaluated as 

~ (14.6) =4.9 kcal mol-I. This leads to 

LlHfO(CH2CICCI3 , g, 298.15)=-40.56+4.9 

=-35.7 ± l.0 kcal mol-I, 

which was ado·pted. 
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HO-H~ aHr aCr 
logKf 

kcal mol-I 

0 -36.9 -36.9 infinite 
0.987 -34.9 -29.8 65.1 
1.754 -35.1 -27.2 39.7 
2.682 -35.4 -24.5 26.8 
4.275 -35.6 -20.5 16.4 
4.876 -35.7 -19.2 14.0 
4.922 -35.7 -19.1 13.9 
7.582 -35.9 -13.5 7.4 

10.56 -36.0 -7.9 3.4 
13.79 -36.0 -2.2 0.8 
17.20 -35.8 3.4 -1.1 
20.77 -35.6 9.0 -2.4 
24.44 -35.4 14.5 3.5 
28.22 35.2 20.1 4.4 
32.07 -34.9 25.5 -5.1 
35.99 34.6 31.0 -5.7 
39.96 -34.2 36.5 -6.1 
43.98 33.9 41.9 6.5 
48.03 33.6 47.3 -6.9 

By use of the above selected data, the thermodynamic 
functions for 1,1,1,2-tetrachloroethane (g) were evalu
ated. The results are presented in table 4-4. There 
are no third law entropies, vapor heat capacities, or 
equilibrium data available in the literature for checking 
the calculated values. 

6. Pentachloroethane 

The molecular structure of pentachloroethane 
(CHCbCCI3 ) has not been reported in the literature. 
The molecular parameters used for calculation of the 
moments of inertia were estimated based on an assump
tion that the structural parameters for the CCb and the 
CHCb group in CCbCHCb are similar to those of the 
corresponding groups in the CzClo and CHaCHClz 
molecules. Employing the adopted structural param
eters, as listed in table ~ 1, the three principal moments 
of inertia were calculated to be: 

IA =429.6 uA. 2 (or 7.133 X 10-38 g cm 2), 

and 
Ic=685.5 uA. 2 (or 1.138 X 10-37 g cm2). 

The internal rotation reduced moment (IT) was obtained 
as 105.1 uA. 2 (or 1.745 X 10-38 g cm2). Morino, Yama
guchi, and Mizushima (1944) studied the molecular 
structure of peritachloroethane by electron diffraction. 

Allen, Brier, and Lane (1967) observed the infra
red and Raman spectra of pentachloroethane in the 
liquid and gaseous states and assigned vibrational 
fundamentals. Vibrational assignments were also 
reported by Allen and Bernstein (1954), Neilsen, 
Liang, and Daasch (1953), and Blaine (1963). Their 
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TABLE 5-1. Structural data for pentachloroethane 

Structural parameter a 

C-CI(CCIa) 
C-Cl(CHClz ) 
C-H 
C-C 
LCCCl(CHCb) 
LCICC(CCIa ) 
LHCC 
LCICCI(CHClz ) 

Reference 

Selected 

(1. 769) b 

(1.766) 
(1.09) 
(1.564) 

(Il1.0) 
(1l0.0) 
(111.3) 
(Il2.0) 

a Bond distances, 10 -8 em; bond angle, 
degrees. 

b Values in parentheses are estimated. 

results are summarized in table 5-2 in which the 
selected fundamentals for pentachloroethane (g) are 
also listed for comparison. The infrared spectrum of this 
compound has been observed by Chanal et al. (1967), 
Bolleter (1964), Plyler and Acquista (1956), Thompson 
and Torkington (1945), Vierling and Mecke (1936), Stair 
and Coblentz (1935), and Timm and Mecke (1935). Its 
Raman spectrum was investigated by Gerding and Har· 
ing (1955), Gerding and Rijnders (1946), Mizushima, Mor
ino, Kawano, and Otai (1944), and Bonino and Brilll 
(1929). 

Based on the adopted values for the torsional funda
mental (VIS) and J r , we calculated the potential barrier 
height for internal rotation (Va) as 14.43 kcal mol-I. 
Tahle 5-3 summarizes the values of V3 and Ir reported 
in the literature for pentachloroethane (g). The internal 
rotation contributions to thermodynamic functions were 

evaluated by use of the semi-classical approximation 
method suggested by Pitzer and Gwinn (1942). 

The enthalpy of vaporization was calorimetrically 
determined by Eftring (1938), and his result was used 
by Kirkbride (1956) for calculation of .1HfO(C2 HCl;;, 
g, 298.15). In the absence of better data, Eftring's value 
was adopted for calculation. The vapor pressures of 
pentachloroethane (1) have been determined by Nelson 
(1930, 298.3-435.4 K), Herz and Rathmann (1912, 
342-431 K), and Staedel (1882, 411.2-449.3 K). We 
tried to use these data points for fitting to an Antoine 
equation and found that these three sets of vapor pres
sure measurements were not consistent. Using the 
derived Antoine constants, we calculated the enthalpy· 
of vaporization at the boiling point (433.68 K) as 8.9 kcal 
mol-I. Based on the vapor pressure data of Nelson, 
the value of L\H~ (C 2HCI5 , I, 433.S) was obtained as 9.04 
kcal mol-I and L\H~ (C2H C15 , I, 298.1S) = 11.6 kcal 

mol-t. (See table 5-4). These calculated 8Ei~ values 
were not used. 

Smith et al. (1953) determined the standan~ enthalpy 
change for the combustion reaction 5-1 as - 204.89 
kcal mol- 1 at 298.15 (corrected value) 

C2HC15(l) + 2H20(l) + O2 (g) 

=2C02 (g)+SHC1(600 H2 0). (5-1) 

Employing 8HfO(298.15) values for H2 0 (1), CO2(g), 
and HCl· 600H2 0 (aq) from Wagman et al. (1968), we 
derived the value .1HfO(C2HCI5 • I, 298.1S) = - 4S.70 
± 0.6 kcal mol-I. From this value and AH~(C2HCI5~ 
1, 298.15) = 10.9 kcal mol.,-I, the L\HfO(C2HCIs, g, 
?<)R 15) was evaluated to be 34.8 ± 1.0 kcal mol-I. 

Since there was no other tlH fO value available for penta
chloroethane (g), this value was adopted. 

TABLE 5-2. Vibrational assignments for pentachloroethane 

Reference 

Mode Symmetry Nielsen Allen et aI., Blaine, 1963! Allen et a!., I Selected 
No. class et aI., 1953 1954 1967 

Wavenumber an cm-1 

VI a' 2995 2985 2990 
Vz a' 1252 1253 1253 
Va a' 1021 1022 1021 
V4 a' 820 820 820 
Vs a' 724 724 724 
1'6 a' 585 582 582 
V7 a' 404 404 404 4U4 

Vs a' 327 326 325 325 
V9 a' 278 278 278 278 
1'10 a' 224 225 225 225 
Vlt a' no HS 175.5 178 175 
1'12 a" 1210 1208 1209 
VI3 a" 835 836 835 
VI4 a" 771 770 771 
1'15 a' 327 326 325 325 
VIG a" 238 238 238 238 
I'll a" 166 165 164.5 165 165 
VIS a" (torsion) 85 82 85 85, 85 
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Based on the above selected values, the thermo
dynamic properties for pentach]oroethane in the ideal 

TABLE 5-3. Reported internal rotation barrier heights and 'torsional 
fundamentals of pentachloroethane 

VI. kcal mol-I V'H, cm- 1 . References 

14.2 85 Allen, Brier, and Lane, 1967 
85±1.5 Blaine, 1963 

9 65 Luft, 1955 
82 Allen and Bernstein, 1954 
85 Nielsen, Liang, and Daasch, 1953 

14.43 85 This work, 1972 (Selected) 

gaseous state in the temperature range 100 to 1500 K 
were calculated by use of rigid-rotor and harmonic
oscillator approximations. The results are presented in 
table 5-6. No experimental heat capacity and entropy 
data were available in the literature for comparisons 
of entropy values . 

7. Hexachloroethane 

The molecular structure of hexachloroethane 
(CChCCI3 , g) has been determined by electron diffrac
tion by many investigators (Morino and Kimura, 1947; 
Hassel andViervoll, 1947; Morino and Iwasaki, 1949; 

TABLE 5-4. Enthalpy of vaporization data for pentachloroethane 

AH1• obs 6.H~ (298) 
kcal mol-I Conditions Methods Reference kcal mol-I 

10.9 293.15 K calorimetric measurement Kirkbride, 1956; this value was 10.9 ±0.5 
measured by E. Eftring, Dis· 
sertation, Lund, 1938 

9.04 433.5 K, 1 atm calculated from vapor pres· Nelson, 1930 11.6 
sure equation 

Selected value: 10.9 ±0.5 

TABLE 5-5. Enthalpy of formation data for pentachloroethane 

AHrO obs AHr (298) AH r (298) gas 
kcal mo}-l Conditions Method kcal mol- J Reference kcal mol-1 

-204.9±0.6 292 K combustion calorimetry -45.70±0.6 Smith et aI., 1953 :..... 34.80 ± 1.0 

Selected value: -34.8±LO 

TABLE 5-6. Ideal gas thermodynamic functions for pentachloroethane 

co I So I -(Go-Hg)/T HO-Hg I AHr AGfo p 

Temp.K log K/ 
cal K-' mol- 1 keal mol- 1 

0 0 0 0 0 -36.63 - 36.63 infinite 

100.00 15.564 67.556 56.809 1.075 -34.46 -28.66 62.63 
150.00 19,877 74.727 61.618 1.966 -34.65 - 25.71 37.46 
200.00 23.189 80.916 65.637 3.046 -34.76 - 22.71 24.B2 

273.15 27.085 88.744· 70.840 4.890 -34.80 -18.30 14.64 
298.15 28.219 91.165 72.444 5.582 -34.80 -16.79 12.31 
300.00 28.299 91.340 72.560 5.634 -34.80 -,16.68 12.15 
400.00 31.957 100.013 78.369 8.658 - 34.69 -10.64 5.82 
500.00 34.523 107.436 83.458 11.989 -34.48 -4.66 2.04 
600.00 36.345 113.901 88.005 15.537 - 34.21 1.28 -0.47 
700.00 37.686 119.609 92.120 19.242 -33.90 7.17 -2.24 
800.00 38.709 124.711 95.881 23.064 - 33.56 13.02 -3.56 

900.00 39.516 129.319 99.344 26.977 - 33.20 18.82 -4.57 
1000.00 40.166 133.517 102.555 30.962 - 32.82 24.59 -5.37 
1100.00 40.697 137.371 105.547 35.006 -32.42 30.28 -6.02 

1200.00 41.133 140.931 108.349 39.098 - 32.02 35.98 -6.55 

1300.00 41.493 144.238 110.984 43.230 - 31.62 41.63 -7.00 

1400.00 41.790 147.325 113.471 47.395 - 31.27 47.27 -7.38 

1500.00 42.035 150.216 115.825 51.587 - 30.81 52.86 -7.70 
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TABLE 6-1. Structural data for hexachloroethane 

Structural 
parameter a Morino and Swick et aI.. 

Iwasaki, 1949 1954 

C-Cl 1.77 ±0.02 ,1.74±0.01 
C-C l.S4±O.07 1.57 ±0.06 
LCICC 109.7±0.5 

a Bond distances, lO-H cm; bond angle, degrees. 

Swick et aI., 1954; Morino and Hirota, 1958; and 
Almenningen et al., 1964). The structural parameters 
reported by the more recent investigators are listed in 
table 6-1. Those given by Almenningen et al. were 
adopted for the present work. 

Incomplete vibrational assignments were made for 
CChCCb (g) from Raman spectra by Hamilton and 
Cleveland (1944), Gerding and Haring (1946), and 
Mizushima et aL (1949). The infrared spectrum· of 
hexachloroethane has been observed by Hirota (1958), 
Carney et aL (1961), Bolleter (1964), Watari and Aida 

(1967), and Chanal et al. (1967) from which vibrational 
fundamentals were derived and reported. Recently, 
Shimanouchi (1972) has critically reviewed the infrared 
and Raman spectral data and assigned 12 fundamentals 
for CCliCCIa (g). (See table '6-2 for numerical values.) 
His assigned values were adopted here, except the value 
of V4 (torsion) which was given at 61 em -1. 

, Using this value, V4 = 61 em-I, we calculated the 
internal rotation potential barrier, 10.4 kcal mol-1, 

for the hexachloroethane molecule. This Vs value seems 
low compared to our adopted V3= 14.43, kcal mol-1 

for CHC12CCl3 (g) which has only 5 Cl at.oms in the 
molecule and might be expected to have a lower barrier 
than CCbCCl3 (g). Allen et ai. (1967) reported the 
torsional mode as 79 em -1 and V3 = 17.5 kcal mol-1 

based on a private communication from Shimanouchi; 
however, in his recent work" Shimanouchi (1972) 
selected 61 em -1 as V4- for CCl3CCl3 (g). Due to incon
sistency~ neither 61 nor 79 cm- 1 was accepted. 

Karle (1966) presented a method for determining the 
barrier height for hindered internal rotation from 
electron-diffraction data. His reported value of 14.7 
kcal mol-1, which was based on a structure consistent 
with our selected molecular structure, was adopted in 
this work. From V3 = 14.7 kcal mol-1 and a reduced 
moment for internal rotation, Ir= 146.95 u.A 2 , the 
torsional fundamental (V4) was derived as 73 em -I. 
Because of the high barrier height and'large reduced 
moment for internal rotation for CClsCCls (g), the 
cuutriLUliuws Lu Lhe LlienllutlynClm!c [UHCLiuUlS have 

been calculated using the semi-classical approximation 
of Pitzer and Gwinn (1942). Other values of V3 and V4 

reported in the liter:Hnre aTe snmmarized in t~ble 0-3_ 

The vapor pressures of hexachloroethane (c, 1) have 
been measured by Lee (1935, 335-512 K), Ivin and 
Dainton (1947, 286-447 K), and Nitta and Seki (1941, 

Reference 

Morino and Almenningen Selected 
Hirota, 1958 et aI., 1964 

1.775 1.769±0.OO3 1.769 
1.46 1.564±0.014 1.564 

111.5 1l0.0±0.5 110.0 

TABLE 6-2. 'Vibrational assignments for hexachloroethane 

Reference 

Mode No. Symmetry Karle, 1966 Shimanouchi, I Selected 
class 1972 

Wavenumher in em ~I 

lit al g 97S 97S 
liZ alg 431 431 

Va alg 170 170 
114 alu (tor.) 73 61 73 
lis: fl.!11l 67;:) 67;:) 

Vs a2U 372, 372 
V7 eg 778 778 
V8 eg 271 271 
lIo eu 114 114 

VIO eu 859 859 
VII e" 340 340 
V12 eu 223 223 

TABLE 6-3. Reported internal rotation barner heights and torsional 
fundamentals of hexachloroethane 

Va, kcal mol-I 

10.4 
17.5 
14.7 
11.0 
12.8 
lO.8±3.0 
12.0 
~7±1 

10-15 
12±2 
14.7 

"4, em -\ Reference 

61 Shimanouchi, 1972 
79 Allen et aI., 1967 
73 Karle, 1966 a 

Karle, 1966 b 

Karle, 1966 c 

Morino and Hirota, 1958 
65 Luft, 1955 

Swick, Karle, and Karle, 1954 
Morino and Iwasaki, 1949 

65 Mizushima et aI., 1949 
73 This work, 1972 (Selected) 

a Calculation based on a molecular structure determined by Almen
lIillgtm el Itl. (1964). 

b Calculation based on a molecular structure determined by Morino 
and Hirota (1958). 

C Calculation based on a molecular· structure determined by Swick 
et aL (1954). 

290-343 K). The reported data points were fitted to' the 
Antoine equation by the least squares techniques, and 

the enthalpies of sublimation, AH; (c), were' evaluated 
from the derived Antoine constants at 298 K and 351 K 
for data of Nitta and Seki and of Lee, Ivin and Dainton, 
respectively. The values of AH; (351) were converted to 
298.15 K employing C; (C 2Cls, g) from the present work, 
and C~(C2C16, c) and enthalpies of transition from 
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TABLE 6-4. Enthalpy of sublimation data for hexachloroethane 

AHs obs Conditions Methods Reference AHsO(298) 
kcalmol-1 kcal mol-1 

13.5±O.4 351 K Antoine equation with· AC~=-23.2 cal Lee, 1935 17.3 ±O.4 
K -1 ·mQI-l at 351 K 

13.3±O.4 351 K Antoine equation with AC~=-23.2 cal I vin and Dainton, 17.0±O.4 
K-l mol-1 at 351 K 1947 

14.5±O.4 298 K Antoine equation Nitta and Seki, 1941 14.5±O.4 

12.35±O.4 351 K Antoine equation Lee, 1935; lvin 16.1 ±O.4 
and Dainton, 1947 

16.1±O.9 298 K From AH fO of crystal and gas Smith et aI., 1953; 16.1±O.9 

Seki and Momotani (1950). We have combined the vapo.r 
pressure data o.f Lee (1935) and Ivin and Dainton (1947) 
and fitted 39 data po.ints to. the Antoine equatio.n. Based 
o.n the derived Anto.ine co.nstants, we o.btained ilH; 
(298.15)= 16.1 kcal mol-I. 

Using the derived Anto.ine co.nstants, we calculated 
the il C~ fo.r sublimatio.n: and fo.und that the value o.f 
ilC~ was essentially zero., i.e., the o.btained ilC~ value 
was much to.o. po.sitive. In o.rder to. impro.ve the evalua
tio.n ~f ilH;, we fixed ilC~(351), a temperature at the 
middle o.f the temperature range o.f the data po.ints, at 
- 23.2 cal K -1 mo.l-I, which was an experimental value, 
and then refitted the vapo.r pressure data to. the· Anto.ine 
equatio.n. This pro.cedure yields ilH~ (298.15) = 17.0 
to. 17.3 kcal mo.l- l . An average value o.f 16.5 ± 0.5 kcal 
mo.l- l was ado.pted. The results are summarized in 
table 6-4. 

By the quartz wo.o.l metho.d, Smith et a!. (1953) 
measured the enthalpy o.f combustio.n of hexachlo.ro
ethane (c) as -172.36 kcal mo.l-1 at 292 K. Emplo.ying 
auxiliary data fro.m Wagman et al. (1968), ilHfo (G2CI6 , 

C,298.15):=-49.74 was calculated. Kirkbride (195G)ueLel
mined for reactio.n 6-1, ilHrO(298.15 K) 32 ± 2 kcal 

Puyo et al., 19b3 

Selected value 16.5±O.5 

mo.l- l and the enthalpy, o.f so.lutio.n o.f C2Cl6 (c) in C2Cl4 

(1) as 4.7 kcal mo.l-1 

C2C4(1) + CI2(g) = C2Cls (so.l). (6-1) 

Therefo.re, taking IlHr(C2CI4 , 1, 298.15) =-12.5 kcal 
mo.l- l (Wagman et a!., 1968), we calculated ilH fO(C 2CI6 , 

c, 298.15) = - 49.5 kcal mo.l- l . Incorpo.rating the abo.ve 
two. ilHfO(C 2CI6 , c, 298.15) values with the' selected 
enthalpy o.f sublimatio.n (table 6-4), we o.btained ilH fO 
(C 2CI6 , g, 298.15) = - 33.2 and - 33.0 kcal mol-\ 
respectively. 

Puyo. et al. (1963) determined the equilibrium con
stant Kp= 0.8 atm at 776 K fo.r reactio.n 6-2, which 
yields ilGro (776 K)=0.344 kcal mo.l- l • 

C2CI6(g) = C2CI4(g) + Clz(g) , (6-2) 

Fro.m ilGrO(776 K) and ilSrO(776 K)=37.13 cal K-l 
mo.l- l (SO fo.r C2C4 taken fro.m JANAF tables; So fo.r 
C2C16 fro.m the present wo.rk; and So fo.r Cl2 fro.m TRC 
Data Pro.ject-tables), we evaluated ilHrO(776 K)=29.16 
kcal mo.l-1 and ilHrO(298.15 K)=30.69 kcal mo.l-I • 

Adopting t>.lljO(C2CI4 , g, 293.15)=-2.9 kenl mol-1 

(Wagman et aI., 1968) and ilHrO(298.15 K)=30.7 kcal 

TABLE 6-5. Enthalpy of formation data for hexachloroethane 

AHro Conditions Method AHro (298) Reference AH r (298) ~as 
kcal mol-1 kcal mol-1 kcal mol-1 

-172.36±O.5 292 K, crystal Combustion, Quartz Wool -49.7±O.5 Smith et aI., 1953 -33.2±O.7 

method 

-37±2 298 K, 1 atm, Cl:l4(1) ± CI2(g) ~ C2CIs(c) -49.5±2 Kirkbride, 1956 -33.0±2 

C2C4 soln. 

29.16±O.3 776 K, gas phase CzCIs ~ CzCl4 + Clz 30.7±O.3 Puyo et aI., 1963 -33.6±O.8 

Selected value -33.2±1 
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TABLE 6-6. Ideal gas thermodynamic functions for hexachloroethane 

co 
p 

so - (Go-H~)/T 

Temp. K 
cal K -1 mol-1 

0 0 0 0 
100.00 18.448 67.476 55.285 
150.00 23.571 75.982 60.804 
200.00 27.362 83.305 65.535 
273.15 31.535 92.485 71.558 
298.15 32.680 95.297 73.432 
300.00 32.760 95.500 73.567 
400.00 36.206 105.434 80.331 
500.00 38.395 113.766 86.208 
600.00. 39.823 120.901 91.410 
700.00 40.795 127.118 96.076 
800.00 41.484 132.613 100.307 
900.00 41.993 137.529 104.174 

1000.00 42.378 141.975 107.736 
1100.00 42.676 146.028 111.035 
1200.00 42.909 149.752 114.109 
1300.00 43.091 153.194 116.984 , 
1400.00 43.232 156;393 119.686 
1500.00 43.341 159.379 122.234 

mol-I, we calculated AHfO(C2CI6 , g, 298.15)=-33.6 
±0.8 kcal mol-I. The adopted value for AHfO(C2CI6 , 

g, 298.15) is 33.2:t 1 kcal mQI-l as shown in table 6-5. 
The ideal gas' thermodynamic functions were calcu

lated using these selected data and the rigid-rotor 
harmonic-oscillator approximation. They are presented 

in table 6-6. No experimental vapor heat capacity or 
third law entropies were available from' the literature 
for comparisons with the calculated values. 

HO-H~ AHr AGfo 
log Kf 

kcal mol- l 

0 -35.92 -35.92 infinite 
1.219 -33.53 -26.69 58.33 
2.277 -33.60 -23.25 33.87 
3.554 -33.53 -19.80 21:64 
5.716 -33.30 -14.81 11.85 
6.519 -33.20 -13.13 ·9.62 
6.580 -33.19 -13.00 9.47 

10.041 -32.71 -6.34 3.46 
13.779 -32.17 0.19 -0.08 
17.695 -31.62 6.61 -2.18 
21.729 -31.06 12.94 -4.04 
25.845 -30.52 19.19 -5.24 
30.020 -29.99 25.37 -6.16 
34.239 -29.46 31.51 -6.89 
38.492 -28.94 37.55 -7.46 
42.772 -28.44 43.59 -7.94 
47.073 -27.94 49.57 -8.33 
51.389 -27~46 55.53 -8.67 
55.718 -26.99 61.44 -8.95 

8. Comparison 

The calculated values of C~, So, and AHfo at 298.15 
and 700 K are compared with those reported in the 
other major compilations in tables 7-2 and 7-3. The 

minor differences are probably due to the use of differ
ent molecular, spectroscopic, and thermochemical data 
for evaluation of these properties., 

TABLE 7-1. Molecular and thermochemical constants for the six chloroethanes 

CH 3CH2Cl CH3CHC12 CH3CCla CH2CICCb CHC12CCIa CCbCCb 

Mole weight 64.515 98.960 133.405 167.850 202.295 236.740 

Point group Cs Cs C3v Cs Cs D3d 

Symmetry number, total* 3 3 9 3 3 18 

Ground state configuration lA' lA' lA' lA' lA' IA lg 

Product of three principal mo- 6.9966 X 10-115 1.2908 X 10-113 6.3480 X 10-113 2.7975 X 10-112 7.1727 X 1O-112 1. 3865 X 10-111 

ments of inertia, g3 cmO 

Reduced moment of internal roo 4.615 X 10-40 5.243 X 10-40 5.306 X 10-40 6.688 X 10-39 1. 745 X 10-38 2.440 X 10-38 

tation, g cm2 

Torsional fundamental, cm-1 251 231 278 116 85 73 

Potential barrier height for in· 3.69 3.54 5.08 10.38 14.43 14.7 
terna! rotation, kcal mol-1 

Vibrational fundamentals, em-1 see table 1-2 see table 2-2 see table 3-2 see ta.ble 4-2 see table 5-2 see table 6-2 

Enthalpy of formation at 298.15 -26.83 -31.10 -34.01 -35.7 -34.80 -33.20 
K, kcal moI-l 

*Total symmetry number = external symmetry number X internal symmetry number (symmetry number of the rotating top). 
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TABLE 7-2. Comparison of the ideal gas thermodynamic data at 1 atm and 29B.15 K for the six chloroethanes 

CH3 CH2 Cl CH3 CHClz CH3 CCla CH2 CICCh CHCltCCh 

Co 
p 

So -J1.Hr Co 
p 

sc -J1.Hr Co 
P 

So -J1.Hr Co 
I 

So -J1.Hr C/~ So -J1.Hfo 

cal K-l mol-I kca1 calK-I mol- 1 kcal caIK-1mo1- 1 kca1 calK I mol-I kcal ca1K- mol-I kcal 
mol-I mol- 1 mol-I mol-I mol-I 

Landolt-Bornstein, 1961 14.90 65.67 25.09 18.22 72.82 22.37 77.03 24.57 85.11 28.18 90.94 

Wagman et aI., 1968 (NBS TN-270- 15.01 65.94 26.81 18.22 72.90 30.93 22.3 77.2 24.55 85.07 28.14 90.95 

3) 

Stull, Westrum, and Sinke, 1969 14.99 .65.93 26.70 18.22 72.39 31.05 28.14 90.95 34.00 

JANAF,1969 

G1ushko et aI., 1970 (USSR) 15.01 65.99 25.7 18.2 72.B 30.6 22.2 77.1 24.6 85;1 28.2 90.9 

This Work, 1972 14.97 65.91 26.83 18.24 72.B8 31.10 22.07 76.49 34.01 24.59 85.05 35.7 28.22· 91.16 34.80 

TABLE 7-3. Comparison of the ideal gas thermodynamic data at 1 atm and 700 K for the six chloroethanes 

--
I CHaCH2 Cl CH3 CHClz CH3 CCb CH2 CICCl3 CHCbCCb' 

Co So -J1.Hr Co 
I 

S' -J1.Hr Co 
I 

So -J1.Hr C~ So -J1.Hr I 

Co So -J1.Hr 
p p p 

I 

p 

calK-I mol- 1 kcal cal K-I mol- 1 kcal cal K-I mol- 1 kcal ca: K-I mol- 1 kcal cal K-I mol-I kcal 

mol-I mol-I mol-I mol- 1 mol- 1 

Landolt-Bornstein: 1961 26.72 83.24 27.99 29.18 31.95 100.3 34.68 37.52 

Stull, Westrum, and Sinke, 1969 26.53 83.44 29.61 29.21 93.07 33.04 37.53 119.27 33.~5 

JANAF,1969 

This Work, 1972 26.49 83.40 29.75 29.15 93.07 33.10 32.38 99.82 34.85 34.')3 110.61 35.81 37.69 119.61 33.90 

FIGURE 1. The C1-Cl-Cl configurational interactions in C 2 Cl6 and CH2 CICCb molecules 

CCIaCCh 

Co 
/I 

So 

calK I mol-I 

32.65 94.77 

32.7 95.3 

32.59 94.77 

33.21 95.07 

32.6 94.8 

32.68 95.30 

CClaCCb 

Co 
p 

So 

carK-I mol-I 

40.65 

40.63 -126.49 

41.06 127.24 

40.80 127.12 

-J1.Hr 

kcal 
mol-I 

33.9 

33.80 

32.08 

34.0 

33.20 

-J1.Hr 

kcal' 
mol-I 

31.72 

29.79 

31.06 

-

.
en 
o 

n 
:::t: 

~ 
m .... 
l> 
r 



THERMODYNAMIC PROPERTIES OF CHLOROETHANES 161 

9. Acknowledgments 

This study was supported by the NBS Office of Stand
and Reference Data under contract number 2-35730 
with the Texas A&M Research Foundation. The IBM 
360/65 system of the Texas A&M Data Processing 
Center was utilized in all computer calculations and 
was partially supported by the Texas Engineering 
Experiment Stiltion. The authors wish to thank the 
Editor for his helpful suggestions and careful editing 
of the manuscript. 

-1 O. References 

Allen, G. and Bernstein, H. J., CanJ. Chern. 32, 1124 (1954). 

Allen, G., Brier, P. N., and Lane, G., Trans. Faraday Soc. 63, 824 

(1967). 
Alrnenningen, A., Andersen, B., and Traetteberg, M., Acta Chern. 

Scand. 18,603 (1964). . 
Barchukov, A.I., Murina, T. M., and Prokhorov, A. M., Opt. Spektrosk. 

4,521 (1958). 
Barrett, J. J. and Tobin, M. c., J. Opt. Soc. Amer. 56, 129 (1966). 
Beach, 1. V. and Stevenson, D. P., J. Amer. Chem. Soc. 61, 2643 

(1939). 
Benson, S. W., Cruickshank, F. R., (;(lIden, D. M., Haugen, G. R., 

O'Neal, R E., Rodgers, A. S., Shaw, R., and Walsh, R, Chern. Rev. 
69.279 (1969), 

Bernstein, H. J., 1. Chem. Phys. 17,262 (1949). 
Bernstein, H. J., Can. J. Res. 28B, 132 (1950). 
Bishui, B. M., Indian J. Phys. 22,319 (1948). 
Bhine, J R ,J Rl"s NRt Rnr StRnri 67f:, 5107 (196~)_ 

Bolleter, W. T., App1. Spectrosc. 18, 72 (1964). 
Bonino, G. B. and BruIl, L., Gazz. Chim. Ital. 59, 643,660,668,675 

(1929). . 

Brier, P. N., J. MoL Struct. 6,23 (1970). 

Brier, P. N., Higgins, 1. S., and Bradley, R H., Mol. Phys. 21, 721 
(1971). 

Bru, L., An. Soc. Espan. Fis. Quim. 31, 115 (l933). 
Carney, R. A., Piotowski, E. A., Meister, A. G., Braun, J. H., and 

Cleveland, F. F., J. Mol. Spectrosc. 7,209 (1961). 
Casey, D. W. H. and Fordham, S., 1. Chern. Soc. 2513 (1951). 
Chanal, D., Decamps, Ed., Hadni,A., and Wendburg, H., J. Phys. 

(paris) 28,165 (1967). 
Cleeton, C. D. and Dufford, R. T., Phys. Rev. 37,362 (1931). 
Coutts, J. W. and Livingston, R. L., J. Amer. Chem. Soc. 75, 1542 

(1953). 
Daasch, L. W., Liang. C. Y., and Nielson, J. R.,1. Chern. Phys. 22, 

1293 (1954). 
Danford, M. D., Ph.D. Thesis, Purdue University, 1954; Disser. Abstr. 

14,1936 (1954). 
Danford, M. D. and Livingston, R L., ]. Amer. Chern. Soc. 81, 4157 

(1959). 
DeCoen, J. L., Elefante, G., Liquori, A. M~, and Damiani, A., Nature 
216.910 (1967). 
Dufig, J. R., Craven, S. M., Lau, K. K., and Bragin,]., J. Chern. Phys. 

54,479 (1971). 

Durig, J. R., Player, C. M., and Bragin, }., J. Chern. Phys. 54, 460 
(1971). 

Durig, J. R., Sloan, A. E., and Witt, 1. D., 1. Phys. Chern. 76, 3591 
(1972). 

Eftring, E., Dissertation, Lund, 1938. 
El,SdbbdU, M. Z., Mei/,tel, A. G., dud Cle'Vddnd, F. F., J. Chern. Phy~. 

19,855 (1951). 
Emschwiller, G. and Lecomte,]., 1. Phys. Radium 8,130 (1937). 

Eucken, A. and Franck, E. U., Z. Elektrochem. 52,195 (1948). 

Evans, 1. C., and Bernstein, H. J., Can. J. Chern. 33,1746 (1955). 

Fateley, W. G., Kiviat, F. E., and Miller, F. A., Spectrochirn. Acta 
26A,315 (1970). 

Fateley, W. G., and Miller, F. A" Spectrochim. Acta 17,857 (1961). 
Fate1ey, W. G., and Miller, F. A., Spectrochirn. Acta 19,611 (1963). 
Fletcher, R A. and Pilcher, G., Trans. Faraday Soc. 67,3191 (1971). 
Flygare, W. H., J. Mol. Spectrosc. 14,145 (1964). 
Gerding, H. and Haring, H. -G., Rec. Trav. Chim. Pays·Bas 65, 743 

(1946). 
Gerding, H. and Haring, H. G., Rec. Trav. Chim. Pays·Bas 74,841 

(1955). 

Gerding, H. and Rijnders, G. W. A., Rec. Trav. Chim. Pays·Bas 65, 
146 (1946). 

Ghosh, S. N., Trarnbarulo, R, and Gordy, W. J. Chern. Phys. 20,605 
(1952). 

Glushko, V. P. and Medvedev, V. A., Thermodynamic Constants of 
Substances, Part IV, Academy of Sciences, U.s.S.R., Moscow, 1970. 

Gordon, J. and Giauque, W. F., J. Amer. Chem. Soc. 70,1506 (1948). 

Hamilton, D. T. and Cleveland, F. F., J. Chern. Phys. 12,249 (1944). 
Hassel, O. and Viervoll, H., Acta Chem. Scand. 1,149 (1947). 

Herz, W. and Rathmann, W., Chem.·Ztg., Chern. App. 36,1417 (1912). 
Hirota, E., Bull. Chern. Soc. Jao. 31.296 (}958). 
Holm, R., Mitzlaff, -M., and Hartmann, H., Z. Naturforsch. 23A, 307 

(1968). ' 

Howlett, K. E., J, Chern. Soc. 1784 (1955). 
Hu, A. T. and Sinke, G. c., j. Chern. Thermodvnamics 1. 507 (1969); 

private communication, 1971. 

Ivin, K. J. and Dainton, F. S., Trans. Faraday Soc. 43,32 (1947). 
JANAF Thermochemical Tables, D. R Stull, ed., The,Thermal Re· 

search Laboratory, Dow Chemical Company, Midland. Michigan. 
extant 1967. 

Karle, J., 1. Chern. Phys. 45,4149 (1966). 
Kirkbride, F. W., J. AppL Chern. (London) 6, 11 (1956). 
Kohlrausch, K. W. F. and Kiipoel, F .. Sitzungsber. Akad. Wiss. Wien 
143~ 537 (1934); Monatsh. Chern. 65,185 (1935). 

Lacher, 1. R, Amador, A., and Park, J. D., Trans. Faraday Soc. 63, 
1608 (1967). 

Lacher, J, R, Emery, E., Bohmfalk, E., and Park,}. D., J. Phys. Chern. 
60,492 (1956). 

Landolt·Bornstein,Zahlerwerte und Funktionen. 6th Edition, Vol. 2, 

Part 4, "Kalorische Zustandsgrossen", Springer·Verlag, Berlin, 
1961. 

Lane, M. R., Linnett, ]. W., and Oswin, H. G., Proc. Roy. Soc., 
(London) A216,361 (1953). 

Lee, V.-D., Z. Anorg. Allg. Chern. 223,213 (1935). 
Lewis, J. D., Malloy, T. B., Jr., Chao, T. H., and Laane, J., J. Mol. 

Struct. 12,427 (1972). 

Li, J. C. and Pitzer, K. S., J. Arner. Chern. Soc. 78, 1077 (1956). 
Lide, D. R.,J. Chern. Phys. 30,37 (1959). 
Linnett, J. W., Trans. Faraday Soc. 36,527 (1940). 

Luft, N. W.,J. Phys. Chern. 59,92 (l955). 
Mansson, M., Ringner, B., and Sunner, 5., J. Chem. Therrnodyanmics 

3,547 (1971). 
Mizuchimn, S., MQrino, Y., Kuwuno, M., and Otai, R., Sei. Pap. In:;t. 

Phys. Chern. Res., (fokyo) 42, 1 (1944). 
Mizushima, S., Morino, Y., Simanonti, T., and Kuratani, K., j. Chem. 

Phys. 17,838 (1949). 
Moller, K. D., Demeo, A. R., Smith, D. R., and LQudoll, L. II.,j. Chem. 

Phys. 47,2609 (1967). 
Morino, Y. and Hirota, E., J. Chem. Phys. 28,185 (1958). 
Morino, Y. and Iwasaki, M., J. Chern. Phys. 17,216 (1949). 
Morino, Y. and Kimura, M., J. Chem. Soc. Jap. 68,70 (1947). 
Morino, Y., Kimura, M., and Yamaha, M., 1. Chern. Soc. jap. 70, 

449 (1949). 
Morino, Y., Yamaguchi, S., and Mizushima, S.,]. Chern. Soc. jap. 65, 

131 (1944). 
Nelson, O. A., Ind. Eng. Chern. 22,971 (1930). 
Nielsen,]. R., Liang, C. Y., and Daasch, L. W.,J. Opt. Soc. Amer. 43, 

1071 (1953). 

J. Phys. Chem. Ref. Data, Vol. 3, No.1, 1974 



162 CHAO ET AL. 

Nitta,J. and Seki, S.,J. Chern. Soc. Jap. 62,581 (1941). 
Pestemer, M., Sitzungsber. Akad. Wiss. Wien; 134, 667 (1930); 

Monatsh. Chern. 57,469 (1931). 
Pitzer, K S. and Gwinn, W. D.,J. Chern. Phys. 10;428 (1942). 
Pitzer, K S. and Hollenberg, J. L., J. Amer. Chern. Soc. 75,2219 

(1953). 
Plyler, E. K and Acquista, N., 1. Res. Nat. Bur. Stand. 56,149 (1956). 
Puyo, J., Balesdent, D., Niclause, M., and Dzierzynski, M., C. R. Acad. 

Sci. 256,3471 (1963). 
Rodgers, 'A. S., Chao, J., Wilhoit, R. C., and Zwolinski, B. J., 1. Phys. 

Chern. Ref. Data 3, 117· (1974) .. 
Rubin, T .. -R. Leved·ahl, B. H., a~d Yost, D. M., J. Amer. Chern. Soc. 

66,279 (1944). 
Rush,j.,j. Chern. Phys. 46,2285 (1967). 
Schwendeman, R. H. and Jacobs, G. D., J. Chern. Phys. 36, 1245 

(1962). 
Scott, R. A. and Scheraga, H. A., J. Chern. Phys. 42,2209 (1965). 
Seki, S. and Momotani, M., Bull. Chern. Soc. jap. 23 30 (1950). 
Senftleben, R. awl Glatlisch, R., Z. PhylS. 125, u:i3 (1949). 

Sheppard, N., J. Chern. Phys. 17, 79 (1949). 
Shimanouchi, T., NSRDS-NBS 6 (1967). 
Shimanouchi, T., NSRDS'::'NBS 39 (1972). . 
Silver, H. G. and Wood, J. L., Trans. Faraday ~oc: 59, 5HH (lY6;». 

Smith, L., Bjellerup, L., Krook, S., and Westermark, H., Acta Chern. 
Scand. 7.,65 (1953). 

Smith, D. C., B~own, G. M., Nielsen, J. R., Smith, R. M., and Liang, 
C. Y., J. Chern. Phys. 20, 473 (1952). 

Staedel, W., Chern. Ber. 15,2559 (1882). 
Stair, R. and Coblentz, W., J. Res. Nat. Bur. Stand. 15,295 (1935). 
Stejskal, E. D., Woessner, p. E., Farrar, T. C., and Gutowsky, H. S., 

J. Chern. Phys.3~, 55 (1959). 

J. Phys. Chem. Ref. Data, Vol. 3, No.1, 1974 

Strong, K A., Brugger, R: M., and Pugmire, R. J., J. Chern. Phys. 52, 
2277 (1970). 

Stull, D. R., Westrum, E. F., Jr., and Sinke, G. C., The Chemical 
Thermodynamics 0/ Organic Compounds, Wiley, New York, N.Y., 
1969. 

Swick, D. A., Karle,.I.L., and Karle, F., J. Chern. Phys. 22, 1242 
(1954). 

Thompson, H. W. and Torkington, P., Proc. Roy. Soc., Ser. A 184, 
21 (1945). 

Thompson, H. W. and Torkington, P., Trans. Faraday Soc. 42, 432 
(1946). 

Timm, B. and Mecke, R., Z. Phys. 98,363 (1935). 
Vierling, O. and Me~ke, R., Z. Phys. 99,204 (1936). 
Wagman, D. D., Evans, W. H., Parker, V. B., Halow, I., Bailey, S. M., 

and Schumm, R. H., "Selected Values of Chemical Thermodynamic 
Properties", NBS Tech~ Note 270-3 (1968). 

Wagner, R. S. and Dailey, B. P., J. Chern. Phys. 22, 1459 (1954); 23, 
1355 (1955); 26, 1588 (1957). 

Watari, F. and Aida, K, J. Mol. Spectrosc. 24, 503 (1967). 
Winther, F. and Hummel, D.O., Spectrochim. Acta 25A, 425 (1969). 
Wulff, C. A.,J. Chern. Phys. 39, 1227 (1963). 
Zwolinski et aI., Selected Values 0/ Properties o/Chemical Compounds, 

Thermodynamics Research Center Data Project, Thermodynamics 
Research Center, Texas A&M University, College Station, Texas. 
77843 (loose-leaf data sheets, extant 1972). 

Zwolinski et RI., Selel'ted Vnl1JP<; of Properties of Hydrocarbons and 
Related Compounds, American Petroleum Institute Research 
Project 44, Thermodynamics Research Center, Texas A&M 
University, College Station, Texas 77843 (loose-leaf data sheets, 
extant 1972). 


